Protein-protein association is a pH-dependent process and thus the binding affinity depends on the local pH. In vivo the association occurs in a particular cellular compartment, where the individual monomers are supposed to meet and form a complex. Since the monomers and the complex exist in the same micro environment, it is plausible that they coevolved toward its properties, in particular, toward the characteristic subcellular pH. Here we show that the pH at which the monomers are most stable (pH-optimum) or the pH at which stability is almost pH-independent (pH-flat) of monomers are correlated with the pH-optimum of maximal affinity (pH-optimum of binding) or pH interval at which affinity is almost pH-independent (pH-flat of binding) of the complexes made of the corresponding monomers. The analysis of interfacial properties of protein complexes demonstrates that pH-dependent properties can be roughly estimated using the interface charge alone. In addition, we introduce a parameter beta, proportional to the square root of the absolute product of the net charges of monomers, and show that protein complexes characterized with small or very large beta tend to have neutral pH-optimum. Further more, protein complexes made of monomers carrying the same polarity net charge at neutral pH have either very low or very high pH-optimum of binding. These findings are used to propose empirical rule for predicting pH-optimum of binding provided that the amino acid compositions of the corresponding monomers are available.
INTRODUCTION
Proteins never act in isolation; rather they function in a crowded cellular medium with other molecules and proteins 1 . Protein interactions are central to structural and functional organization of the cell in vivo and underlie many biological processes, such as metabolic control 2, 3 , protease inhibition 4 , DNA replication and transcription [5] [6] [7] , cell adhesion [8] [9] [10] , hormone receptor binding 11 , the action of antibody against antigen 12 , regulation of gene expressions in cells 13, 14 and many other important cellular processes [15] [16] [17] .Thereby, understanding many biological processes relies on the ability to understand protein-protein interactions and their mechanisms. These aspects have initialized efforts for in silico modeling of protein-protein association which were frequently reported [18] [19] [20] [21] [22] [23] [24] , including modeling of ionic strength-(or salt-) and pH-dependent effects on the protein-protein binding free energy [25] [26] [27] [28] [29] [30] [31] .
Protein-protein binding free energy has many components reflecting the complex nature of biological interactions, among them, the electrostatic energy is the only interaction that directly depends on the pH of the solution [32] [33] [34] [35] [36] . Modeling electrostatic energy is complicated not only because of the presence of water molecules and plausible conformational changes occurring upon the binding, but also because the ionization states of titratable groups are not a-priori known or even could change upon binding 37, 38 . Such ionization changes induced by the binding are referred to as proton uptake/release and perhaps are common phenomena in protein-protein association 31, 33, 35, 39 . This notion is supported by numerous experiments showing the proton uptake/release could be as large as several proton units 33, [40] [41] [42] . From a computational stand point, it is also supported by our recent study on 2887 protein complexes demonstrating that even at pH=7 more than 70% of cases were predicted to involve proton uptake/release of more than 0.5 proton units 37 . A similar observation was made by Jensen and coworkers 31 showing that protein-protein binding is frequently accompanied by a significant change in the protonation states of titratable groups in the complex relative to the separated monomers.
The change of the pKa's of ionizable groups upon the binding results in proton uptake/ release and in turn in the pH dependence of the binding energy 36 . Similarly, the change of pKa's upon protein folding results in pH dependence of the folding energy 43 . The magnitude of the energy change, either binding or folding energy, upon pH variations could be significant and in some cases could alter the minimal value by more than 50% , even at physiological pH [44] [45] [46] [47] [48] . Obviously at pH different from physiological pH, acidic/basic denaturation may occur and protein-protein binding may be abolished as well [49] [50] [51] . However, the physiological pH varies within cellular compartments (an excellent collection of characteristic subcellular pHs can be found in the works of Warwicker and coworkers 52, 53 ). For example, pH is nearly neutral in the cytoplasm, in the endoplasmic reticulum, and in mitochondria; it is more acidic in vacuoles, lysosomes (as low as pH 5), and the Golgi; and it is more basic in the nucleus and peroxisomes (as high as pH 8).
Proteins and protein-protein complexes can harness these differences in cellular and subcellular pHs for physiological purposes as outlined in a recent review by Garcia-Moreno 54 . If the charges of proteins have indeed been optimized for specific functional purposes, they may also display adaptation to specific sub-cellular conditions or pH.
The adaptation of monomeric proteins to cellular and sub-cellular characteristic pHs was extensively studied by Warwicker and coworkers 52, 53 and found that the pH of maximal stability of monomeric proteins correlates with subcellular characteristic pH. It was shown that the properties of histidine residues underlie this correlation. Our previous work 39 demonstrated that structure-based approaches, as Multi Conformation Continuum Electrostatics (MCCE) 55, 56 , are capable of capturing pH-dependent effects, and specifically, the pH of optimal stability (pH-optimum) 57 . Combined with the observation that the pH-optimum of activity and stability are correlated, 58 this paves the way for more in silico studies to reveal the adaptation of monomeric proteins to cellular and sub-cellular environments, even at genome scales 54 . At the same time, the plausible adaptation of protein-protein interactions to the sub-cellular environment somehow escaped the attention of researchers, perhaps, because of the limited amount of experimental data. However, this can be avoided, since if two (or more) monomeric proteins form a complex (or assemblage) they must meet in the same sub-cellular compartment and thus the monomers and the complex should be subjected to the same local environmental conditions, including characteristic pH. Therefore, one could investigate if the pH-dependent properties of monomers and corresponding complexes are correlated, without knowing the characteristic pH of the microenvironment where they form a complex, their pH-dependent properties need simply to be the same or very similar.
In the present work, we compute the pH dependence of the proton uptake/release of binding and folding and correspondingly, the pH-dependence of the free energy of binding and folding. Specifically, we pay attention to the pH at which these energies are maximal, the "pH-optimum" or are almost "pH-independent", the "pH-flat". We have demonstrated in the past that the pH-optimum of binding and the pH-optimum of folding of bound monomers are correlated 59 , however, it was done without accounting for plausible conformational changes induced by the binding. Here we extend our investigation by applying a more realistic protocol to include the conformational changes caused by the complex formation. It is done on a set of 31 protein-protein complexes for which bound and unbound structures are experimentally available. We aim at revealing the plausible correlations between the pHoptimum/pH-flat of binding free energy and pH-optimum/pH-flat of folding of individual (unbound) monomers forming the complex and plausible relations of pH-optimum/pH-flat with interfacial and global characteristics of the corresponding proteins.
METHODS

Protein-protein complexes used in the study
Following Jensen and co-workers 31, 60 , we extracted a set of protein-protein complexes from the Protein-Protein Docking Benchmark (PPDB) 61 database (the Boston University benchmark set (http://zlab.bu.edu/zdock/benchmark.html)). The PPDB is a database of PDB files of protein-protein complexes and complemented with the corresponding unbound proteins. For the purpose of our study, we selected only binary complexes. The proteinprotein complexes are either taken from PPDB 2.0 or from PPDB version 1.0. Frequently, the amino acid sequences of bound and unbound proteins were not identical due to the details of the expression and crystallization procedures. Such differences, which from the point of view of this study are artifacts, would introduce unwanted errors and must be avoided (if possible). This motivated us to perform sequence alignments of bound and unbound proteins using GRASP2 62 with the goal to purge cases for which the sequences of bound and unbound proteins are quite different or having more than two polypeptide chains. In addition, entries for which the individual monomers were found to exist in different subcellular compartments (according to the assignment provided in the header of the corresponding PDB file, if any) were also deleted from the list, since they do not match our requirements. Non-annotated entries, however, were kept in the list. This resulted in 31 cases (see Table 1S in the supplementary material). The sequence alignment was also used to fix small sequence differences by the following procedure: all titratable groups (if any) which were not present in both the sequences of bound and unbound proteins were mutated in silico to the corresponding non-titratable group. This was done to reassure that the number and type of titratable groups prior to and after the formation of the protein-protein complex remain the same. No action was taken for non-titratable groups, i.e. they were kept as shown in the original PDB files.
pKa calculations
The net charge of either unbound proteins or the protein-protein complexes were calculated with the Multi-Conformation-Continuum-Electrostatics (MCCE) program 63 . This program is available at (URL:www.sci.ccny.cuny.edu/mcce/). The basic principles of the method have been described elsewhere 63 . The MCCE method calculates the equilibrated conformation and ionization states of protein side chains, buried waters, ions, and ligands and thus the net charge of the corresponding structure as a function of pH. The structures of the complex and of unbound monomers were subjected to MCCE calculations and the corresponding net charges as a function of pH were obtained. Thus the proton uptake/release induced by the binding is calculated as the difference between the net charge of the complex (Q complex (pH)) and unbound monomers, marked in the eq. (1) as Q A (pH) and Q B (pH) as: (1) where pH varies from pH=0.0 to pH=14.0.
Similarly, the proton uptake/release upon folding was calculated as the difference between the net charge of folded and unfolded protein as a function of pH. The unfolded state was modeled as an extended polypeptide chain, in accordance with our previous work 57 where we showed that such an approach reproduces the experimental data of pH-dependence of the folding of several proteins and resulted in a very good fit against experimental pH-optimum of proteins 64 . The net charge of unfolded protein molecules is calculated using the Henderson-Hasselbalch equation 65 : (2) and the summation runs over all N titratable residues. γ is 1 for bases and -1 for acids, pK a is the standard pK a value in solution of group 'i', and pH is the pH of the solution (see supplementary materials). Thus, proton uptake/release upon folding (ΔQ folding (pH)), for each unbound monomer, is:
where ΔQ folded (pH) is the net charge pH-dependence of unbound folded monomer.
Special attention was paid to Cys residues in the unfolded state. If Cys residues were found to form a disulfide bridge in the folded state, then they were not titrated in the unfolded state as well. The rationale for this procedure is that the disulfide bridges may still be present in the unfolded state, at least before the complete unfolding. Applying such a procedure was found to eliminate unwanted fluctuations in the proton uptake/release at neutral pH.
pH dependence of binding affinity and protein stability-The pH dependence of the stability of the unbound monomers and their binding affinity was calculated using the formula 36, 43 : (4) where ΔQ(pH) is either ΔQ folding or ΔQ binding , R is the universal gas constant, T is the temperature (in K), and ΔG(pH) is the pH-dependent component of the free energy of stability or binding, respectively.
The main implication of equation (4) is that the optimum pH of binding/stability may be estimated as the pH at which the corresponding ΔQ(pH) is zero. However, frequently, ΔQ(pH) is zero at several pHs, and determining the global energy minimum requires integration.
Calculations of global and interfacial properties
A variety of global and interfacial properties were calculated in attempt to deliver plausible correlations with the corresponding pH-optima or pH-bests. They are grouped into global properties, which reflect the properties of either the protein-protein complex or unbound monomers. They are termed global because their calculations do not require knowledge of the 3D structure of the complex, and thus could be used to predict pH-dependent properties even of protein-protein complexes for which 3D structures are still not available. The second class, the interfacial properties, requires that the 3D structure of the complex is available in order to determine interfacial residues (it should be noted that principle interfaces can be predicted with quite reasonable accuracy and thus eliminating the need for a 3D structure of the complex [66] [67] [68] [69] [70] [71] ).
(a) Global properties-Using the structures of monomers, we find that the total number of amino acids in each protein and the complex is simply the sum of the amino acids of monomers. Similarly, the net negative charge of each monomer was obtained, assigning -1 to each Glu or Asp residues, assuming that they are fully ionized. The same approach was used to obtain the total positive charge accounting for Lys, Arg, and His residues as carrying +1 charge. While one may argue that if all His are ionized at physiological pH, then they represent a minor fraction in our calculations. As above, the total negative/positive charge of the complex was the sum of the charges of individual monomers. The total net charge is the sum of negative and positive charges with the appropriate sign.
(b) Interfacial properties-Consider a complex made of two monomers, marked as monomer "A" and monomer "B". The interface area, S 1 , was calculated as the difference in the gross solvent accessible surface area (SASA) of the monomers, S A and S B and the SASA of the complex, S AB :
The SASAs were calculated by means of the SURFV program developed in the Honig lab 72 (URL: trantor.bioc.columbia.edu) with a water probe radius of 1.4 A and with default atomic radii. A residue was considered to be interfacial if its accessibility changes by more than 5A 2 from the unbound to bound state. Knowing the interfacial residues, we obtain the above mentioned characteristics for the interface only.
RESULTS AND DISCUSSIONS
Test case: barnase, barstar, and barnase-barstar complex One of the complexes in our dataset is the barnase-barstar complex, one of the most extensively and experimentally studied protein-protein complex. We will use such an opportunity to illustrate several aspects of the current study.
(a) Accuracy of the pKa calculations-The MCCE program was extensively benchmarked in the past against large sets of experimental pKa's and it was demonstrated that it achieves very good results 56, 63 . However, achieving good RMSD over a large number of pKa's does not necessarily mean that the pH-dependence of the folding/binding energy can also be successfully modeled, due to the pH-dependence typically involving only a small fraction of the titratable groups which pKa's frequently are not easy to predict. In addition, the predictions depend on the model, including the model of the unfolded state in the case of computing the pH-dependence of the folding energy. Although it was shown many times that the difference between pKa's calculated with a model representing an extended chain of amino acids (a model used in this study) and more sophisticated models [73] [74] [75] of unfolded states are only a fraction of a pH unit, still even such small effects could still contribute to the success of modeling the pH-dependence of the folding energy.
However, we have demonstrated in the past that MCCE with an extended amino acid chain model of unfolded states can successfully reproduce experimental data of pH-optimum on a set of 28 proteins 57 . The MCCE was also used to model the proton uptake/release and the pH-dependence of the binding energy for three protease-pepstatin complexes and a very good agreement with the experimental data was obtained 76 . At the same time, it should be mentioned that benchmarking the results of computer modeling against experimental data of pH-dependence of folding or binding on a large set of cases is typically obscured by not knowing the exact experimental conditions (as salt concentration, presence of other compounds, temperature of the experiment, etc) and the method of measurement (thermal denaturation, urea unfolding, etc). Binding affinity can also be measured by a variety of methods and the results may not necessary be identical 77 . Bearing in mind the complexity of the modeled phenomena, we argue that error of a pH unit or even more should be tolerable.
(b) Specific features associated with barnase-barstar complex-The experimental data of the pH-dependence of the folding free energy of barnase and barstar and the binding free energy of the barnase-barstar complex was taken from Refs. 50, 51, [78] [79] [80] [81] . The corresponding pH-dependence profiles are shown in Fig. 1 together with the calculated pH-dependences. The figures demonstrate that the numerical protocol successfully predicts that the pH-optimum of the folding of (i) barnase (pH-optimum(experiment)=pH-optimum(calculated)=5.0), (ii) was almost 3 pH units offset in the case of pH-optimum of folding of barstar (pH-optimum(experiment)=7.0, pH-optimum(calculated)=9.5) and was relatively successful in modeling the pH-dependence of (iii) binding (pHoptimum(experiment)=8.0, pH-optimum(calculated)=6.0). However, in each of these cases, either experimentally determined or calculated pH-dependence shows an interesting trend: a pH interval in which the corresponding quantity (folding or binding free energy) is almost constant, i.e. pH-independent. Such a pH-region will be discussed in later sections below and will be termed "pH-flat". If we apply some tolerance when comparing experiment and calculations by matching pH-flat regions instead of absolute pH-optimum, then each of the cases is modeled very satisfactorily.
The experimental data for the barnase-barstar complex and separate monomers allows for direct comparison of the corresponding absolute pH-optima as well. The pH-optima are 5.0, 7.0, and 8.0 for the folding of barnase and barstar and binding barnase-barstar, respectively. Obviously, in this particular case the pH-optima of binding and folding do not match, however, the corresponding pH-flat regions do overlap (pH-flat = 7.0, 7.5 and 8.0, respectively), a fact that we will explore in our analysis below.
Proton uptake/release upon binding
Our calculations confirm the observations made in previous works by Jensen and coworkers 31, 36, 60 and by our previous studies 37, 39, 59 that protein-protein complex formation is frequently accompanied with proton uptake/release. However, it should be clarified that proton uptake/release is not an absolute number, but depends on the local pH where the complex is formed. Figure 2 shows the calculated uptake/release at three different pHs. It is evident that the vast majority of the cases in our dataset do involve proton uptake or release. In some cases, the net charge change is calculated to be very large, significantly larger than in our previous calculations utilizing a bound-to-bound protocol. Analysis of the distribution of the titratable groups undergoing ionization changes upon complex formation shows that non interfacial groups contribute significantly to the proton uptake/release because of conformational changes induced by the complex formation. Typical case is transducin complex (PDB ID 1GOT), which proton uptake/release is equally contributed by interfacial and non interfacial titratable groups. Similar observation was made in our previous work 39 which demonstrated that even ionizable groups located more than 15A away from interface could contribute to the proton uptake/release.
Comparison between the distributions calculated at different pH, reveals that at low pH (pH = 5.0), the vast majority of the complex formation is associated with proton release, while at high pH (pH = 9.0) the distribution is shifted toward positive values (proton uptake). This is to be expected from the point of view of protein electrostatics, since at low pH the proteinprotein complexes are predominantly positively charged (all basic groups fully protonated and some of the acidic groups being protonated as well) and thus providing a favorable environment for the ionization of the acidic groups being fully or partially protonated in unbound monomers. At high pH (pH = 9.0) the situation is reversed, since most of the complexes are negatively charged (all acids deprotonated while some basic group may be deprotonated as well), and thus favoring the charged state of basic groups in the complex that were either fully or partially deprotonated in unbound monomers. Occasionally, some acidic groups may happen to be in very unfavorable environment in the complex, and thus also to contribute to the proton uptake. Figure 3 shows the distribution of the pH-optimum of binding and the pH-optimum of folding the monomers. The distribution of the pH-optimum of stability of monomers is a unimodal function with a peak at approximately pH = 7, while the distribution of the pHoptimum of binding is a bimodal function. Interestingly, a similar difference was found when comparing the experimental data of pH-optimum of stability and activity of monomeric proteins 58 . Perhaps this indicates that the function, in this case, the proteinprotein interactions, are more sensitive to pH changes than the structural integrity of monomeric proteins 58 .
Distribution of pH-optimum
Proton uptake/release and pH-dependence of the binding/folding energy-A typical case is illustrated in the complex made of trypsin and amyloid beta-protein precursor inhibitor domain (Table 1S , PDB ID 1BRC). Figure 4a shows the proton uptake/release upon the binding (ΔQ binding ) as a function of pH (pH = 0 -14). It can be seen that the ΔQ binding is zero at pH 7.1 (excluding the point at pH=1.8, which is an obvious artifact of the calculations) and will be termed pH-optimum of binding. In addition, it can be seen that another feature, namely that ΔQ binding is very small (ΔQ binding < 0.74 electron units, corresponding to ΔG binding < 1kcal/mol) in a pH region from pH=3.0 to pH=8.0. In such a pH-region the corresponding binding free energy will be almost pH-independent and may not be very different from the binding free energy obtained at pH-optimum = 7.1. Despite of the significant progress made to improve the quality of in silico modeling, an error of 1kcal/ mol is still tolerable. Thus to account for possibility, the mid point of this pH region, which will be termed pH-flat, will be also used in our study in parallel with pH-optimum. It will be termed pH-flat and in this case, pH-flat = 5.5. The corresponding pH-dependence of the binding free energy is also calculated with eq. (4) and is shown in Fig. 4b . It is seen that the plot is a bell shaped graph with a minimum binding energy at pH = 7.1. In the pH-flat region, pH=3.0 to pH=8.0, the ΔG binding changes by less than 1kcal/mol, resulting in a shallow plateau. Similar effects can be found in the case of pH-dependence of folding free energy ΔG folding (pH) of unbound monomers. As indicated in Table 1S , the 1BRC complex is constituted of unbound monomers which the corresponding PDB IDs are 1BRA and 1AAP, respectively. The proton uptake/release ΔQ folding (pH) upon the folding of 1BRA and 1AAP is shown in Fig. 4c and Fig. 4e , respectively. The corresponding ΔG folding (pH) is shown in Fig. 4d and Fig. 4f , for 1BRA and 1APP, respectively. It can be seen that the pHoptimum of folding for 1BRA is 5.9 (pH-optimum = 5.9), while pH-flat is 9.0. For the 1AAP, the pH-optimum is 4.8, while pH-flat is at the midpoint of the pH interval from pH = 4.0 to pH = 9.0, resulting in pH-flat = 6.5. We find that the existence of such a flat pH interval is a common phenomena for both pH-dependence of folding and binding (see Figs.  1 as well) , with a tendency to occur more frequently in folding than in binding.
The goal of this work is to study plausible correlations between pH-dependence of the binding free energy of the complexes and the pH-dependence of the folding free energy of unbound monomers. We speculate that such a correlation can be revealed by comparing either pH-optimum or pH-flat. In accordance with our previous work 58 , we speculate that most of the proteins and the corresponding complexes have evolved to function at a pH at which they can tolerate small pH fluctuations and maintain their function (if they are not associated with pH regulation). As it was demonstrated in Figs. 4a-f, such pH regions are either pH-optimum (the bottom of the corresponding energy profile is more or less flat) or pH-flat. Since it is not obvious which of them will be utilized is each case, for benchmarking purposes, we introduce a new quantity termed pH-best, defined below: (6) where "X" and "Y" stand to any combination of protein-protein complex and unbound monomers. For example, the calculations done for 1BRC complex indicate that the complex pH-optimum is 7.1 and pH-flat is 5.5. Comparing to the unbound monomers, PDB files 1BRA and 1AAP, we see that the best fit will be: pH-best(complex) = 5.5 against pHoptimum of 1BRA = 5.9 and against pH-optimum of 1AAP = 4.8. Figure 5a shows the pH-best of the binding free energy versus the pH-best of the folding free energy of unbound monomers and very good correlations were obtained as indicated by the correlation coefficients of 0.85 and 0.73, respectively. The pH-best for monomers are plotted against each other in Fig. 5b and the correlation coefficient is 0.68. Both plots indicate that the pH-dependence properties (as measured through pH-best) of binding and stability of individual monomers are quite similar, ultimately supporting our initial hypothesis.
pH-best of binding and folding energies-
The analysis of the proton uptake/release as a function of pH showed that for some cases in the dataset the proton uptake is significant, but for others is small, frequently only a fraction of an electron charge within several pH units. The error in determining the pH-optimum for the previous cases is much larger. In addition, it was noticed that in most of the cases the pH-dependence of the binding free energy was a bell-shaped curve with a single minimum and no pH-flat region. In contrast, the pH-dependence of the folding energy of unbound monomers frequently had a pH-flat region. Such a finding may reflect the fact that proteinprotein interactions represent the functionality of proteins that may have evolved under strong pH constaints. In contrast, the stability (the folding energy) of protein is not directly associated with the function and need not to be so strongly tightened to a particular pH.
pH-best and global/interfacial properties
The primary focus of our investigation is protein-protein interactions and the pH-optimum/ pH-flat of binding. We calculated many global and interfacial properties, as described in the method section, and attempted to correlate them with pH-best of binding. As in our previous works 57 , we found no correlation of the pH-dependence and isoelectric point (pI), neither with the mass, size, number of amino acids, and global charge of the complex or individual monomers. However, using a parameter (parameter γ) that was modified from our previous work 82 , we find that the pH-best of binding shows a significant tendency related to the macroscopic charges of individual monomers. We introduce the parameter β as: (7) and figure 6 shows the pH-best plotted against β. It can be seen that protein-protein complexes made of lightly charged monomers tend to have a pH-optimum in neutral pH regions, while with an increase of the net charge of the monomers there is a tendency that some of the complexes may have pH-optimum quite away from neutral pHs. At the end of the spectra, the highly charged monomers, the pH-optimum again tends to be in the neutral range. Figure 6 shows another interesting trend as illustrated by the net charges of the corresponding monomers. The net charges are provided on the figure and were calculated as described in the method section, i.e. using amino acid sequence alone without structural information. It can be seen that complexes made of monomers carrying the same polarity net charge as for example Porcine pepsin/Ascaris inhibitor 3 (PDB ID 1F34) (lowest pHoptimum) and CDK2 cyclin-dependant kinase 2/Cyclin (PDB ID 1FIN) (highest pHoptimum) tend to have pH-optimum shifted away from neutral pH. As a matter of fact, none of the complexes predicted to have pH-optimum within neutral pHs (broadly defined as 6 < pH < 9) is comprised of monomers carrying the same polarity charges, except for FAB/Taq polymerase (PDB ID 1BGX) and complexes with a monomer carrying zero net charge. This gives us the opportunity to propose an empirical rule for predicting protein complexes with pH-optimum of binding shifted away from neutral pH: they should be comprised of monomers carrying the same polarity charge and their beta parameter should not be small (beta > 3). Figure 7 shows a plot of the pH-best of binding plotted against the interface charges. It can be seen that the correlation coefficient is significant, but there are many data points in the middle of the graph that reduce the significance of the fitting. Obviously for complexes made of lightly charged monomers, no reliable prediction can be made. The fitting polynomial, which can be used for predicting pH-best of binding, has the following functional form: (8) where x stands for interfacial charge in electronic units. Figure 7 inspires similar conclusions as made for the effect of the net charge of the pHoptimum of binding. It can be seen that at the wings of the distribution, i.e. very negative or very positive interfacial charges, the pH-optimum is shifted away from neutral pH. Such interfaces are composed of excess either negatively or positively charged amino acids, and their ionization states are typically depressed upon formation of the complexes, resulting in large pKa shifts, which in turn causes pH-optimum of binding to be either very low or very high.
CONCLUSIONS
The results indicate that the pH-dependent properties of protein complexes and the corresponding monomeric proteins are quite similar to each other as measured through their pH-optima or pH-flat. Such a finding supports the idea that protein complexes and monomers have evolved to meet the constraints of the subcellular compartment where they function, and in particular, the characteristic pH. This observation can be used to annotate protein and protein complexes which subcellular location is presently unknown by transferring such an annotation from one partner to another.
Our study suggests that in most of the cases, if not always, the pH-dependence of the binding energy has a single minimum and no pH-flat region, while the pH-dependence of the folding energy typically has a pH-flat region. It is beyond the scope of this study, but it is a reasonable speculation that the monomeric proteins may be involved in more than one protein-protein interaction, and thus may have to meet another partner with slightly different pH properties.
The finding that the pH-dependence of the binding free energy can be related to the net charges of the monomers provides an opportunity of providing a clue of the pH-dependence of binding when the charges of the monomers which form the complex are known. It is important to emphasize that 3D structures of the monomers are not required to make prediction of the pH-optimum. Rather just the amino acid sequences of the monomers known to form a complex are sufficient. If the interfacial charge is known, either from existing 3D structure or other experiments, then a simple polynomial formula can be used to predict the pH-best of binding. Distribution plot of proton uptake/release of binding at different pH. Distribution plot for the pH-optimum of binding and pH-optimum of folding of the monomers, respectively. The pH-best of binding plotted against the parameter beta. The net charge of the corresponding monomers estimated from their amino acid composition is shown in curved brackets for each data point. The pH-best of binding plotted against interface charge.
